Background Data from several studies indicate that children of mothers who smoked during pregnancy may be at a risk of overweight compared with children of non-smoking mothers. The size of this relation, however, is unclear, as is the age at which it becomes detectable.
Introduction
Maternal smoking during pregnancy reduces birth weight and crown-to-heel length. 1, 2 Children of smoking mothers often show significant catch-up growth in weight before the age of 1 year, 3, 4 and then have weight similar to [4] [5] [6] [7] or slightly higher than [8] [9] [10] children of non-smokers at age >5 years. In contrast to weight, the maternal smoking-related height deficit at birth does not disappear after birth. Data are fairly consistent in showing continuous shorter stature for children of smoking mothers up to age 5-7 years or even older. 6, 8, [11] [12] [13] [14] [15] [16] [17] The potential implications of a tiny change in weight and height in offspring of smoking mothers initially received relatively little attention. Recent studies examining body mass index (BMI), however, indicate increased risk of overweight in children of smoking mothers, with odds ratios (ORs) ranging from 1.1 to 2.5. [18] [19] [20] [21] [22] [23] [24] [25] [26] In general, as the amount of cigarettes smoked increased, so did the prevalence of child overweight. 20, 21, 24 Nonetheless, several questions about the prenatal smokingoffspring BMI relation remain. Although the timing of catch-up growth is well-characterized, Ong et al. 4 recently reported in a large study that prenatal smoking was not related to offspring weight and height at age 5 years, suggesting that the age at which the increased BMI becomes evident is not well understood. Furthermore, women who quit smoking early in pregnancy have babies with birth weights similar to babies of non-smokers, but for the smoking-BMI relation, data on smoking effect by the trimester are inconsistent. 20, 23, 24 Finally, previous analyses of pregnancy smoking in relation to child growth have been limited to fewer than 10 000 subjects, 5, 6 gave conflicting results, and did not explore the effect on BMI. For these reasons, we examined the association of maternal smoking in pregnancy and offspring overweight in the complete CPP data to address the questions relating to timing of effects, exposure by trimester, and doseresponse.
The CPP was a large prospective study of pregnant women and their offspring. The CPP data were especially powerful because about half of the mothers in the CPP smoked during pregnancy. We examined the weight, height, and BMI of children of smoking and non-smoking mothers at ages 1, 3, 4, 7, and 8 years, and the risk of BMI being >85th or >95th percentile at ages 3, 4, 7, and 8 years.
Methods
The methods of the CPP have been described in detail previously. 27 In brief, the CPP was a prospective study of pregnant women and their children enrolled at 12 study centres from 1959 to 1965 in the United States. At registration and subsequent antenatal care, women were interviewed regarding the number of cigarettes smoked per day. Weight and height of offspring were measured at multiple follow-up visits. Among the 58 760 CPP pregnancies, 53 647 ended with a singleton live birth to 44 213 women. For each woman, we included only the first singleton live birth that occurred during enrollment in the study. Of the 44 213 eligible births, 34 866 children had at least one measurement of both weight and height ascertained at or near the 1, 3, 4, 7, and 8 year follow-ups (5645 exclusions), with valid maternal smoking information (196 exclusions) and without a major congenital malformation 28 diagnosed before the age of 1 year (3506 exclusions).
Exposure
The smoking status during pregnancy was based on the selfreport at registration and at up to 32 subsequent prenatal visits. Klebanoff et al. 29 have shown that in the CPP smoking during pregnancy was reported fairly accurately, based on measures of maternal serum cotinine. The median gestational age at registration was 21 weeks. 'Never smokers' (n 5 13 306) reported never smoking. 'Ex-smokers' (n 5 3623) reported smoking before registration, but not at registration or thereafter. 'Current smokers' (n 5 17 937) reported smoking at registration or at subsequent prenatal visits. Smoking-dose (,10, 10-19, and >20 cigarettes/day; n 5 9575, 4731, and 3631, respectively) was calculated based on mean number of cigarettes smoked per day reported at registration and subsequent prenatal visits. For the analysis of smoking effects during specific trimesters, we defined the first trimester as ,14 weeks of gestation, the second trimester as 14-27 weeks, and the third trimester as >28 weeks. Because registration took place in all the three trimesters of pregnancy, to study the effects of maternal smoking during the first trimester, current smokers were divided into four subcategories: smoking information in the 1st trimester missing due to registration in the second or third trimester (n 5 14 547), smoker in the first trimester but non-smoker in the second or third (n 5 212), nonsmoker in the first trimester but smoker in the second or third (n 5 610), and smoker in both the first and the (second or third) trimesters (n 5 2568). Analogously, to study the effects of smoking during the third trimester, current smokers were divided into smoking information in the first and second trimesters missing due to registration in the third trimester (n 5 4659), smoker in the first or second trimester but non-smoker in the third trimester (n 5 1428), non-smoker in the first or second trimester but smoker in the third trimester (n 5 844); and smoker in both (first or second) and third trimesters (n 5 11 006).
Outcome
Most children had their weight and height measurements close to the nominal at the time of scheduled follow-up visits: 4 and 8 months, and 1, 3, 4, 7, and 8 years of age. Because this report was focused on overweight in childhood, measures from 4 to 8 months were not included in the analysis. Measurements between the ages of 1, 3, 4, 7, and 8 were sparse, and so we were unable to fit a smoothed model of the growth trajectory. Instead, we selected 1 year (10-14 months), 3 years (34-38 months), 4 years (46-50 months), 7 years (82-86 months), and 8 years (94-98 months) as the time points to examine smoking effects. Subjects with observations outside a given age band were considered as not having an observation at that age (see exclusions, above). An expert panel defined child overweight as an age-and sexspecific BMI >95th percentile and at risk for overweight as a BMI >85th but ,95th percentile, according to the 2000 BMI-for-age Centers for Disease Control and Prevention (CDC) growth charts. 30 In our analysis, we examined the risk of BMI >95th percentile and of BMI >85th percentile in relation to maternal smoking.
Statistical analysis
We compared weight, height, and BMI between never, ex-and current smokers using all available measurements at 0, 1, 3, 4, 7, and 8 years of age. The use of Z-scores of weight, height, and BMI instead gave similar results, so only results on the original scale are given in this paper. We also compared the occurrence of BMI >95th or >85th percentile across smoking categories at ages 3, 4, 7, and 8 years. Because the data involved multiple measurements for each study subject, generalized estimating equations (GEE) were used for the final analyses (with measurements at different ages in an overall regression model). 31, 32 The results of models obtained using GEE were very similar to age-specific comparisons (partly due to large sample size), so only the GEE results are reported here. Covariates considered for all models were the study centre ( We checked for interactions between smoking category and study centre, race, ever breastfed, sex, and birth order. We detected an interaction between sex and smoking for weight and BMI at ages 7 and 8 years, so the main analyses of weight, height, and BMI were stratified by sex. We tested whether the effects increased from age 3 to 8 years by treating a child's exact age as a continuous variable and examining its interaction with a measure of amount smoked (dose-response, see below).
To examine dose-response using 1 degree of freedom trend tests, for each smoking category we calculated the median number of cigarettes smoked (0 for never smokers, 3.4 for ,10 cigarettes/day, 14.0 for 10-19 cigarettes/day, and 21.3 for >20 cigarettes/day), 34 and fit a coefficient to this variable.
Ex-smokers were excluded from the trend tests. Effects of maternal smoking during the first trimester only and third trimester only were examined separately using trimester smoking subcategories and BMI >85th percentile at ages 7 and 8 years with both sexes combined (due to the limited numbers of subjects in some categories). We also conducted secondary analyses in which we repeated the linear and logistic models after including birth weight or length. Additional adjustment for child's gestational age at birth and child's birth weight at the same time gave results similar to the models with only additional adjustment for birth weight and is thus not discussed further.
Variation in results across age could have been caused, in part, by inclusion of slightly different subjects at each point. We checked this possibility by conducting a sensitivity analysis with two subsets of children with more complete data. One subset included the 5405 children with all the measurements at 0, 1, 3, 4, 7, and 8 years, and the other included the 16 653 children with at least four measurements at 0, 1, 4, and 7 years.
Results
The characteristics of the subjects according to the mother's smoking status are shown in Table 1 . While the mean age of the mothers was 24 years in all three categories of smoking, among women who smoked during pregnancy a smaller proportion http://ije.oxfordjournals.org/ were >35 years of age. Current smokers had slightly lower prepregnancy weight, greater height, and lower prepregnancy BMI. A larger proportion of smokers and ex-smokers were white. Ex-smokers had the highest socioeconomic index while never smokers had the lowest. Women who smoked while pregnant were less likely to breastfeed. Due to missing values of mother's height (6% of 34 866 children) or weight (3% of 34 866 these children), the sample size in the multiple regression models varied slightly according to outcome (more subjects for weight comparisons, fewer for height and BMI comparisons). The number with both weight and height (or length) measures and complete data on all covariates was 31 713 (91%) at birth, 28 782 (83%) at age 1 year, 13 719 (39%) at age 3 years, 21 192 (61%) at age 4 years, 23 311 (67%) at age 7 years, and 12 416 (36%) at age 8 years. Tables 2, 3 , and 4 show the adjusted differences in weight, height, and BMI for children of ex-smokers and current smokers (overall and by the amount smoked) compared with children of never smokers. For simplicity, only regression estimates at ages 0, 4, 7, and 8 years are given in the tables though all age points were included in the models fit with GEE. Among current smokers, decreased birth weight was evident at all levels of smoking. At ages 4, 7, and 8 years, boys had similar weights, whether their mothers smoked or not. The girls of smoking mothers, however, became heavier than those born to never smokers at ages 7 and 8 years. The trend test for smoking-dose showed that there was a 100 g [standard error (SE): 10] decrease per 10 cigarettes smoked per day for both boys and girls at birth, but no statistically significant trend was evident at ages 7 and 8 years. From age 3 to 8 years, the effect of amount smoked on weight did not change significantly in boys, but in girls the effects increased with age (P , 0.05). Adding birth weight to the regression models of later weights made the estimates for current smokers larger, from age 1 to 8 years: for example, at age 8, there was a 246 g (SE 92) increase for boys and a 535 g (SE 101) increase for girls. In these models, birth weight was positively associated with childhood weight.
Children of mothers who smoked during pregnancy were consistently shorter than children of never smokers, from birth through age 8 years. The trend test showed evidence of doseresponse at every age for both sexes. From age 3 to 8 years, the effect of amount smoked on height did not change significantly in girls, but in boys the effect increased with age (P , 0.05). Additional adjustment for birth length in the models made the difference between current smokers and never smokers smaller (and statistically non-significant); a 1 cm increase in birth length implied an expected 0.4-0.5 cm increase in height at ages 1-8 years.
The BMI of children of current smokers was smaller than that of children of never smokers at birth; however, the direction of the difference was reversed for ages 1-8 years. From age 3 to 8 years, the effect of amount smoked on BMI increased significantly with age for both sexes (P , 0.05). With additional adjustment for birth weight, the difference in BMI between current and never smokers increased, for example, to 0.23 kg/m 2 (SE: 0.04) for males and 0.34 kg/m 2 (SE: 0.05) for females at age 8 years.
In the weight, height, and BMI models, adjustment for socioeconomic index resulted in changes in the estimates for children of current smokers of 0-7%. Adjustment for prepregnancy weight, height, or BMI, however, changed these estimates more, with a range of 7-53%. (52) 75 (77) a Adjusted for centre, race, socioeconomic status, maternal age at recruitment, prepregnancy weight, child live birth order, breastfeeding, and age at measurement. b Current smoker includes those in all three smoking amount categories. The regression coefficients of ex-smoker and current smoker were from the model with never smokers, ex-smokers and current smokers. The regression coefficients of ,10 cigarettes/day, 10-19 cigarettes/day, and >20 cigarettes/day were from the model with never smoker, ex-smoker, ,10 cigarettes/day, 10-19 cigarettes/day, and >20 cigarettes/day. The trend test estimates were from the model with never smoker, ,10 cigarettes/day, 10-19 cigarettes/day, >20 cigarettes/day, using 0, 3.4, 14.0, and 21.3 cigarettes/day indicating each category; ex-smokers were excluded from the trend test. Number of subjects in the regression models was 16 859 (67 944 measurements: 16 593 at birth, 15 040 at age 1year, 6877 at age 3 years, 10 967 at age 4 years, 12 169 at age 7 years, 6298 at age 8 years) for males and 16 990 (68 813 measurements: 16 742 at birth, 15 203 at age 1 year, 7003 at age 3 years, 11 160 at age 4 years, 12 343 at age 7 years, 6362 at age 8 years) for females. c Trend test results are based on the regression estimate per 10 cigarettes smoked per day during pregnancy.
The ORs for overweight are shown in Table 5 . For BMI >95th percentile, the dose-response was clear at age 8 years; for 10 cigarettes/day the OR (95% CI) was 1.18 (1.01-1.37) in boys and 1.17 (1.01-1.36) in girls. For BMI >85th percentile, offspring of current smokers had higher risk. From age 3 to 8 years, the effect of amount smoked on risk of BMI >85th percentile did not change significantly in boys, but in girls the effect increased with borderline significance (P 5 0.06). Additional adjustment for a Adjusted for centre, race, socioeconomic status, maternal age at recruitment, prepregnancy BMI, child live birth order, breastfeeding, and age at measurement. b Current smoker includes those in all three smoking amount categories. The regression coefficients of ex-smoker and current smoker were from the model with never smokers, ex-smokers, and current smokers. The regression coefficients of ,10 cigarettes/day, 10-19 cigarettes/day,and >20 cigarettes/day were from the model with never smoker, ex-smoker, ,10 cigarettes/day, 10-19 cigarettes/day, >20 cigarettes/day. The trend test estimates were from the model with never smoker, ,10 cigarettes/day, 10-19 cigarettes/day, and >20 cigarettes/day, using 0, 3. http://ije.oxfordjournals.org/ birth weight in the logistic models slightly increased the ORs, bỹ 10%, at most age points. Higher birth weight was associated with increased risk of overweight. For example, at age 8 years, for each 1 kg increase in birth weight, the OR of BMI >85th percentile was 1.7 (95% CI: 1.6-1.8) for boys and 1.6 (95% CI: 1.5-1.8) for girls.
The trimester-specific analyses showed that the greatest risk of overweight was associated with smoking later in pregnancy. For example, at age 8 years, the OR of BMI >85th percentile for offspring of women who smoked only in the third trimester was 1.38 (95% CI: 0.98-1.95), as compared with 1.04 (95% CI: 0.74-1.47) in offspring of women who smoked earlier in pregnancy but not in the third trimester. Among offspring of women who smoked throughout pregnancy, the OR was 1.41 (95% CI: 1.23-1.61).
While effects of prenatal smoking on height and weight both contributed to the increased BMI at older ages in the CPP, we considered whether, in the absence of an effect on height, the exposed would still have had an appreciable increase in BMI at age 8. The adjusted difference in height due to smoking (both sexes combined) was 0.46 cm. When this amount was added to the height of the children of smokers, their BMI was 0.12 kg/m 2 greater than that of children of non-smokers. In contrast, when the adjusted increase in weight among smokers was subtracted from each of these children, their BMI was only 0.05 kg/m 2 greater than the value among non-smoker offspring. These results suggest that the weight effect contributed more to the increased risk of overweight.
The results from the 5405 children with all the measurements at 0, 1, 3, 4, 7, and 8 years or the 16 653 children with at least four a Adjusted for centre, race, socioeconomic status, maternal age at recruitment, prepregnancy BMI, child live birth order, breastfeeding, and age at measurement. b Current smoker includes those in all three smoking amount categories. The regression coefficients of ex-smoker and current smoker were from the model with never smokers, ex-smokers and current smokers. The regression coefficients of ,10 cigarettes/day, 10-19 cigarettes/day, and >20 cigarettes/day were from the model with never smoker, ex-smoker, ,10 cigarettes/day, 10-19 cigarettes/day, and >20 cigarettes/day. The trend test estimates were from the model with never smoker, ,10 cigarettes/day, 10-19 cigarettes/day, >20 cigarettes/day, using 0, 3.4, 14.0, and 21.3 cigarettes/day indicating each category; ex-smokers were excluded from the trend test. Number of subjects in the regression models was 14 486 (35 071 measurements: 6798 at age 3 years, 10 516 at age 4 years, 11 576 at age 7 years, 6181 at age 8 years) for males and 14 612 (35 567 measurements: 6921 at age 3 years, 10 676 at age 4 years, 11 735 at age 7 years, 6235 at age 8 years) for females. c Trend test result s are based on the regression estimate per 10 cigarettes smoked per day during pregnancy. measurements at 0, 1, 4, and 7 years were very similar to the results presented above. Figure 1 shows the weight, height (or length), BMI difference, and the OR of BMI >85th percentile for those whose mothers smoked during pregnancy compared with those whose mothers never smoked (5405 children with all measurements available).
Discussion
The findings from this analysis of CPP data corroborate the results of most previous studies of smoking during pregnancy in relation to BMI among offspring, [20] [21] [22] [23] [24] and show a modest positive association. Adjustment of the smoking effect for confounding factors had relatively little impact on the associations observed in the CPP, as seen in other studies. 20, 21, 24 As in previous studies, evidence for a dose-response relation with BMI was present in the CPP, especially at ages 7 and 8 years. The association of smoking with BMI varied by age of offspring, especially for girls. A greater effect at later age was also seen in a British birth cohort 20 ; the biological mechanism for this remains uncertain. It could be a cumulative result of a small change in metabolism or behaviour that becomes detectable only as the child ages. The effect of smoking was greatest later in pregnancy, which was consistent with results of two other studies, 20, 24 but not a third 23 in which the prevalence of smoking was lower than in the CPP. Higher birth weight [35] [36] [37] and post-natal catch-up growth are both associated with child overweight and adult obesity. In these data, we saw evidence of both relations. We did not show data on catch-up growth (weight growth) because its relation with child overweight is tautological. The lower birth weight among infants of prenatal smokers was associated with greater catch-up growth in the CPP, as has been seen previously. 38 Such growth acceleration has been associated with increased risk of diabetes, hypertension, and cardiovascular diseases. 39 Several investigators have examined the associations of prenatal smoking with blood pressure but the results are mixed. 40 The persistent decrease in height associated with prenatal smoking may be due to the effects of nicotine and carbon monoxide, which have been linked with foetal growth restriction, probably through vasoconstriction and hypoxemia. 41 Maternal smoking during pregnancy was shown to decrease cord blood catecholamine (both epinephrine and norepinephrine) concentrations at birth. 42 Animals exposed to nicotine prenatally have decreased responsiveness to adrenergic stimuli and weigh more than unexposed controls. 43 Thus, prenatal exposure to nicotine in humans may decrease responsiveness to adrenergic stimuli that release lipids from adipose tissue. 44, 45 In addition, maternal smoking during pregnancy may be associated with poor appetite control in offspring. Withdrawal from in utero smoking exposure may account for more weight gain after birth, as seen in smoking cessation. 46 Whether leptin (an adipose cellsecreted protein hormone regulating food intake, energy expenditure, and body weight) is involved in the pathway of smoking effect remains to be determined. [47] [48] [49] In the large 1958 British birth cohort, 20 results were stratified by sex, and the size of the smoking effect was not consistently greater in either sex during the follow-up to age 33 years. In the present study, smoking effects on weight and BMI were somewhat larger in females than males, though our data were collected only up to age 8 years. In the smaller German and Scandinavian studies, 21, 24 results were not stratified by sex.
In a previous analysis of CPP data on maternal pregnancy smoking in relation to body size of offspring, data for 8193 subjects were included. 6 The association of smoking with decreased height was clear. The association with increased weight, although present, was not statistically significant or remarked on by the authors. Their failure to detect the association with weight was possibly due to the smaller sample compared with the present study, or because their approach stratified the data by various factors before statistics were applied, effectively reducing their sample size more. In addition, they did not consider BMI. The other previous related analyses of CPP data were afflicted by similar limitations and included fewer than 300 subjects. 5, 6 The possible effect of environmental tobacco smoke during childhood can not be separated from that of maternal smoking during pregnancy in these data. Most of the larger studies of environmental tobacco smoke exposure during childhood show no relation with height. [50] [51] [52] [53] [54] In a German study, 22 maternal smoking after pregnancy had no effect on the risk of child overweight. Furthermore, lack of information on the diet and physical activity of the CPP children was a drawback. Children of smoking mothers may snack more or be more sedentary, and these may be associated with child overweight. 21 In the study where these were adjusted, 21 it appeared that they did not materially change the estimates of the prenatal smokingoffspring BMI association. Those lost to follow-up were similar to those who remained in the study with regard to demographic characteristics and smoking categories. Across all smoking categories, those lost to follow-up had slightly lower BMI, and so no differential loss of low BMI girls in current smokers was observed. Smoking among those with more complete data, i.e. tests at 0, 1, 4, and 7 years at least, was similar to those with fewer follow-ups. Analysis of two subsets with more complete follow-up yielded results similar to the primary analysis, so the possibility that the associations we observed were due to differential loss to follow-up seems unlikely.
Cigarettes have changed since the 1960s, 55 and thus the relation of smoking during pregnancy with childhood overweight may also have changed. Indeed, the association of maternal pregnancy smoking with overweight in offspring appears stronger in more recent studies 21, 24 than in the present study or the 1958 cohort. 20 Whether effect size has truly increased over time or whether some constant effect size has been modified by variation in the level of other risk factors is unclear. The prevalence of smoking among pregnant women in the US was greater in the 1960s than at present, and the decline has been greater among those of higher social class. 56 Whether the overall population-attributable risk for child overweight owing to maternal pregnancy smoking might have dropped over time is unclear given the possible trends in effect size noted above. Nonetheless, because smoking prevalence is now greater among those with lower socioeconomic status than for those with higher socioeconomic status, we might expect the population attributable risk to be greater in the former group. On a percentage basis, the effects of prenatal smoking on height and weight were both small (e.g. ,1% for current smoking at 8 years). For the individual child, a few hundred grams in weight or 0.5 cm in height at age 7 or 8 years may not be important; however, even a modest increase of 10-40% in the chance of overweight, such as seen in the CPP, is important, given the health consequences of this condition. Although the prevalence of smoking during pregnancy in the US has dropped markedly from~50% in the 1950s to 12% in 2000, 57 ,58 it remains a major public health problem in the US given the current prevalence of smoking in pregnancy: ORs of 1.1-1.4 are not negligible in terms of absolute effects on childhood overweight. Although few of the children in CPP were followed past childhood, there is substantial evidence that childhood overweight and adult obesity are linked. 59, 60 Public health recommendations already discourage smoking among youth, pregnant women, and others. 61 Nevertheless, the dose-response relation in the present data and similar findings among the other large studies of this association support the notion that prenatal exposure to cigarette smoke may have lifelong adverse consequences on health via an effect on body habitus. Smoking during pregnancy increases spontaneous abortion, perinatal mortality, and neonatal and infant morbidity, 62 and its association with overweight in offspring is a further reason not to smoke.
